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Plan For This Talk

» Neutrino mixing and oscillations

» Experimental methodology

e Neutrino beams
e Measurements with a near detector
» Predicting the far detector

» Extraction of oscillation parameters
» Experimental results: MINOS, T2K, OPERA

 Muon neutrino disappearance

» Electron Neutrino appearance
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An Accelerator Experiment
In One Slide

Production of the

Measure/Predict
Beam Flavor Content

Neutrino Beam

\J

Far Detector
Measurements

Flavor, Rates \

Neutrino Flux/Rates

Predict the Far Detector
Function of (6,Am?),
flux,cross-sections,
efficiency,energy res.

Analysis
Fit prediction to data
Derive parameter values
and uncertainties
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Where are these experiments?
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Where are these experiments?

TPC1 TPC2 TPC3
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T2K Near Detector (ND280)

50kt Water
Cerenkov
295km, E=0.6Ge
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Where are these experiments?
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Neutrino Beams

Muon Monitors

NuMI @ FNAL
pi Absorber
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Important decay modes
nt, Kt = utv
vl

* 7,K production off a solid target

e

Kt »mou*v, tetv
K’ —»me"v + CC
=T U v, +CC

* Wide range of pt, pz

e (Cross-sections not well known
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NuMI @ FNAL
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Neutrino Beams

Muon Monitors

NuMI @ FNAL
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The Ultimate
Monitor...

UA1 Magnet Yoke

| ' 'T2K ND280

Downstream
(- I ECAL

...iS a near detector. =

Solenoid Coil
Oscillations are sensitive to E and that's what

an ND measures. This folds in cross-sections Barrel ECAL
and acceptance, which may or may not be the
same as at the FD. Also, the ND doesn't see

exactly the same beam as the FD.
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Rough Sport

Horns, targets, monitors & windows
are consumables of a neutrino experiment

JPARC OK so far!

Components encounter:

1.45e20 POT @ 30 GeV/c

High radiation, thermal stress,

CNGS Ot mechanical stress, water leaks

1.0e20 POT @ 400 GeV/c

Excess Consumed

BoosterNB
16.7e20 POT @ 9GeV/c

= hom

target

monitors

K2K - e e e = -
1e20 POT @ 12GeV/c ] =] =l =

12.3e20 POT @ 120GeV/c
@ Z + == only wounded
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Wear and Tear

Gradual slope due to

radiation damage Step caused by adding
He to decay pipe
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Muon Neutrino
Disappearance

Mike Kordosky, W™ &Mary
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Muon neutrino disappearance

PMNS Mixing Matrix Propagation (vacuum)
u, U, U, flavor mass states
— _ * . 2
uv=\v, U, U, Iv(x(L)>—Z U(levj>exp( szj/Zp)
U, U, U, (L=distance)

— 2 2 a1 2
P(vu - vu) = 1-4 UMB UMl Sin’A,, -~ A2 |
A -4|U , 2 U, 2sin’A,, <€— A= 4EJ
~4|U _|2|U _|%sin?A., 4«
u2 pnl 21

Characteristic oscillatory behavior
depends on Am* and L/E

“Survival Probability”
For a neutrino of energy E a distance L from the source
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Muon neutrino disappearance

(1 0

U=| 0 cosB,

Plv,»v)=1

0 -—sinB,; cosH,,

PMNS Mixing Matrix
l]el l/eZ l]e3
U= v, U, U,
l]Tl l]TZ l]TS
4 o)
0o ) cosf,, 0 sinB,e™ ( cos®,, sinf, 0 )
sin0,; 0 1 0 —sinB,, cos6, 0
—sinB0,e® 0 cosO,, JAN 0 0 1 )
-4|U . |?|U |?sin®A
oM o Am?2 L
-4|U ,[*|U ,|*sin*A = .
u3 n2 32 ij 4E
2 2¢in2
-4{U L7 |U,, [ 7sInA,
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Muon neutrino disappearance

AM2.L “Atmospheric oscillations” . |
A = ij K Limiting Case
4E 0,,=0
— 1. 2 2 6in? A, [<<|A, |=]|A,,]
P(Vu - V“) =1-4 3 UmL Sin’A,, 21 31 32
-4 ng 2 ULL2 ’Sin’A,, ~ 1 —sin?20 sin?(|Am?|L/4E)
2 20112
-4 UHz UHl Sin’A,
P
(1 0 0 \( cosf,, 0 sinB,e™ ( cosf, sinB, 0 )
U=| 0 cosBy sinby 0 1 0 —sin®, cos®, 0
\ 0 -—sinB,; cosH,, N —sinB0,e® 0 cosO,, JAN 0 0 1 )
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Muon neutrino disappearance

Am? L
" 4E

— = 1-
P(v,=»>v) =1-4|U,
- 41U,
- 41U,
(1 0 0
U=| 0 cosB,, sin0,
0 -—sinf,; cos6,,

(

\

: i5
—sin@,;e” 0

“Atmospheric oscillations”
L/E~500 km/GeV
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Muon neutrino disappearance

AM2.L “Atmospheric oscillations” Limiting C
A= ” L/E~500 km/GeV S
4E 0,=0
P(VM _)Vu) =1-4 Uu?) 2 Uul 2SiIlZA31 |A21|<<|A31|z|A32|
- 4|0, 7|0, |%sin’A,, ~ 1 — sin?26 sin?(| Am?|L/4E)
-4|U,|?|U |*sin?A,, L Ame_
L=735km >~ 0

23
(MINOS & OPERA)

|Am?| =2.5x10" eV?,sin?20 =0.8

|Am?| =2.5x10"3 eV?,5in?20=1.0

P(v, = v,)

|Am?| =3.0x10"3 eV?,5in?20=1.0
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Muon neutrino disappearance

AM2.L “Atmospheric oscillations” Limiting C
A= J L/E~500 km/GeV imiting Case
4E 0,=0
P(Vu -»v)=1-4 .3 2 Uul 2SiIle31 IA21 | <<|A31 |z|A32|
- 4|0, 7|0, |%sin’A,, ~ 1 — sin?26 sin?(| Am?|L/4E)
-4|U,|?|U |*sin?A,, L Ame_
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23
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Muon neutrino disappearance

AM2.L “Atmospheric oscillations” Limiting C
A= J L/E~500 km/GeV imiting Case
4E 0,=0
P(Vu -»v)=1-4 .3 2 Uul 2SiIle31 IA21 | <<|A31 |z|A32|
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Challenge: Predict the Far
Detector

« You want to know neutrino interaction rates as a function of energy for
all flavors.

. A priori, dN/dp.dp, off your target material for ,K is not known very
accurately:.

o Your target is thick. Tertiary interactions occur in it, horns, beampipe,
etc. Target may wear out over time.

« Your focusing system has uncertainties.

« The weak interaction forces you to use neutrino-nucleus interactions.
Significant uncertainties in exclusive and inclusive CC and NC cross-
sections for few-GeV E .

« v,V -CC & NC extrapolate differently.

« Some backgrounds may oscillate.
Mike Kordosky, W™ &Mary 23



Case study: MINOS vV, 7V,

e MINOS has a ND and a FD made of the same materials
and with very similar acceptance

« The ND is used to measure the inclusive VM—CC rate close
to the source.

 The ND measurement is'corrected for acceptance and
impurity using the MC

o It is “extrapolated” to the far detector using a 2
dimensional Near Energy vs. Far Energy Matrix

 This yields a no-oscillations prediction of the v —CC rate

in bins of energy. The prediction is used to correct the FD
MC which is then fit to the data.

Mike Kordosky, W™ &Mary 24



Case study: MINOS v —v

e Extrapolation improved

| | | | | | | | | | | | |
by tuning beam MC to 18- Beam MG
° ° ° q i FD/ND
data in multiple focusing™ " | extrapolation [ ]
configurations < 1.6 g: ratio ]
X i =
\ ~ i E Ny . ’
LT =l -
© 14 NN = .
Q = = —. R ]
5 [ | S | l—lo—l Lc;w llenelrgylbealxmI | Z %}k o KR 4
n— 25:— —o— High energy beam (xl}.S)E : = g R NN .
EO C Fluka08 MC ] o 1.2 o= B
S 20k Tuned MC - U-i i Fluka05
~ I . . > | |
%3 15 . 4 Near E 1t Tuned MC -
O 1ob =l Detector 1 I
» & : 0 5 10 15
% 55_ E v, Energy [GeV]
> :f- . I B N ._
TN 5 10 15 20

Reconstructed Neutrino Energy (GeV)
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Case study:

MINOS Far Detector -

300:— —4— Fardetectordata
= E No oscillations ; M I N OS Vu HVH

Best oscillation fit

200} ackground .
: e arXiv: 1103.0340v1
100k + ] « At the FD, events are selected with
MINOS 201" 7 88.7% efficiency and 98.3% purity

7.25x102° PoT 1
0 2 4 6 8 10
Reconstructed neutrino energy (GeV)

* Analysis includes interactions inside
the FD and muons from interactions
in the surrounding rock.

@ 1.9~ e FD prediction fit to FD data, varying
o I oscillation parameters

© |

S * Overall normalization, NC

S T normalization and muon and shower
o 1 energy scales included as nuisance

o 0.5 = parameters

2 | o * Fitis done in five energy resolution
404 i Best oscillation fit . . . L.

C ot ... .. bins, which provides additional

q 5 70 15 20 30 50 sensitivity
Reconstructed neutrino energy (GeV)
M &Mary 26



Case study: MINOS vV, 7V,

4.O_|IIIIII||||
3.5

3.0

Am2| (107 eV?)
\S
(@)
I

20 e MINOS best oscilation ft

- — — MINOS 68%

: — MINOS 90% ——— Super-K 90%
1.9 B —— Super-K LIE 90%

K2K 90%
I

1.0—I....I....I...

0.6 0.7 0.8
sin?(26)

0.9

1.0

2010 7.25x104° PoT
Fit result

+0.12

1 1am2|=2.32 932 x 1073 eV?

sinz 20 > 0.90 (90% CL)

Consistent with maximal
mixing.

This is currently the best
measurement of | Am?|
and the best accelerator
measurement of sin?20
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Case Study: T2K

Istvan Danko,
March 22, 2011
at FNAL

Mike Kordosky, W™ &Mary
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Case Study: T2K

« External hadron production data
from NA61 tunes p+C = n+X at

30 GeV/c %cu _—
= Default in T2K-MC
 ~5% adjustments :
* 7%(12%) uncertainty F/N ratio 3 o7 S
=
H

forv (v.)

=]
=]
i
e
kau;;;
[] =

" - | 3 el

MC(T2K):n" produce v, @ SK NA61 2007 data: n* £ o
04 |Ir, 2 L 1 Ehin Rarget pro ka :_

gw ot b g-

o ' BI00 005

E 03 :.],II ]

2 T i

Gt i=uon Toh R _p
02 dhry e T o
0.1 - T =
i\ . 5
- . e adas
l.l:n.lﬂ.-u:mm+|:\vn1.'.lfani:|llll
Momanbam iGaVi
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e e o __l"" | Case Study:
Al T2K

entries/(100 MeV/c)

Use of the
(FoD1) =3 Near Detector
[Entries  1529] . .
200E" ﬂl ARLARARARRRARRN - « Inclusive VM—CC measured in
80 :_ i - EE gnlnicrcnl T
:ﬁﬂf_ | -géuga!(‘urrcnl the ND280.
140; =‘_[:JUJ-'GD .
o “ ~ « Currently used to renormalize
1000 = FD prediction
80 =
601 E « N, /N .=1.06+0.06
40 = .
205 N = « Future analyses will use
097500 1000 1500 2000 2500 3000 3500 4000 4500 3000 spectrum, tune MC, etc.
P(u) (MeV/e)
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Case Study:
Far Detector
Super-K T2K

e 8 VH-CC observed in FD

5 = . .
3.23x10% POT . o COHSIStegthII’[\ZlH[\)Ta(;ESI;HSeIEeI'S
measure y
IE ) — 0.006
=2 — v, - v, oscillation o
[ o
o 3 . Amy=24%x107" eV* X
Dh! :"' il'.lil =
o : sin*(28,)=1 E 0.005
% + Data
3
= 0.004
G
= : .
@ 1T N 0.003
. i L_:__
[ .
o Lt T N N e = : 0.002
0 0.5 1 1.5 2 2.5 3
Reconstructed E, GeV

Additional Details: 0.001

J. Imber — J8 D. Ruterbories — J8
K. Gilje, G. Lopez - J8 Mike Kordosky, W™ &Mary 31




OPERA: Search for vV, >V,

The bulk of disappearing v, at

735km have energies below 1
threshold

T are difficult to detect

e CcT=87um

 decay to a variety of final states.
Exposure of 1.89x10POT

« Expect 0.56+0.13 1 events
« Expect 0.018+0.007 background
One candidate observed!

Full run 22.5x102°POT, expect 10 8 daughter
v_and <1 background
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Electron Neutrino

Appearance

Mike Kordosky, W™ &Mary
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Electron Neutrino Appearance

“Atmospheric oscillations”
L/E~500 km/GeV

(v,—V,) |\/ THAat P
sol

“Atmospheric” Term l l “Solar” Term
. , sin(A,,—al) _ . sin(alL)
\/Patm:s1n(923)s1n(2913) A —al) A, \/Psol cos(0,,)sin(20,,) ) A,
depends on Am?, <1% effect for current
and unknown 6, accelerator experiments
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Electron Neutrino Appearance

“Atmospheric oscillations”
L/ENSOO km/GeV uSOlarn Term

P ~|\ P _6)-|- P 2 |
(v,—V,) ‘\/;e \/z > \/Psoz_cos(923>sm<2912)Sl?a(La)L)

“Atmos heric”l Term
b <1% effect for current

[P =sin(0,)sin(20., @ @ accelerator experiments
L/E oscillatory behavior
depends on Am231 embedded in A, terms
and unknown 0, l
Am?.L
’ 4E
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Electron Neutrino Appearance

“Atmospheric oscillations”

L/E~500 km/GeV “Solar” Term

b aildntel | [ |
P(VIJ_VVe)N‘ Patme + Psol > — . SiIl
\/Psol:cos(ezg)sm(z 0,,) @- A,

“Atmospheric”l Term
<1% effect for current

sin (A accelerator experiments
[P =sin(0,)sin(20,) " A31 P

(Ag
Matter Effect

Additional term in Hamil_tonian
and unknown 0, introduced by v_+e and v_+e

CC scattering modifies oscillations

depends on Am?,

2 e o .
AM IJ|_ Positive for neutrinos | iGFNe 1

Aij= Negative for anti-neutrinos q=—1 ¢~
4E J2  4000km
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Electron Neutrino Appearance

“Atmospheric oscillations”
L/E~500 km/GeV

P(v,=v,) <P e "

“Atmospheric”l Term

2
VP - sin(aL)

“Solar” Term

\/Psol:cos(GZB)sin(Z 0,,) A,

(aL)

<1% effect for current

sin(A,,—al)

VP . =sin(6,,)sin(20,,) A —al)
31

accelerator experiments

31

depends on Am?,
and unknown 0,

CP Violating Phase

+90 for neutrinos
-0 for anti-neutrinos
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Electron Neutrino Appearance

“Atmospheric oscillations”

L./ E~500 km/GeV “Solar” Term

5) [ |2
P<VIJ_>V6)N‘ Patme + Psol

sin(aL)
(aL)

>1 /p =c0s(0,,)sin(20,,)

sol

A21

“Atmos heric”l Term
b <1% effect for current

. . sin( aL accelerator experiments
VP =sin(0,,)sin(20,,) EaL) | P
depends on Am?, Mass Hierarchy
Unknown sign of
and unknown 6., g

Am?Z & AmZ,
modifies probabilities
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Electron Neutrino Appearance

At1m + Solar + Interference

0.10 p

| LI [|
4i :
L=810 km, 6=3n/2
~ |/ —i(A;+0) N 2 ' Q NOVA -
p(vﬂﬁve)N‘ patme + psol 0.08 J|| einaﬂm:ﬂ.ﬂl __
| 5 v,V -
VP =sin(6,.)sin(26 )s1n(A31—aL) 0.0 NH: solid !
= 1 . . T
a 23 13 (Agl—aL) 31 'T -
[H: dashed _
. 32 | i
VP _,=cos(0,,)sin(20,,) sl ) A, a 0041 -
(aL) | i
+G, N, 1 0.02 | —
4= ﬁ ~ 4000 km | .
0.00 : -
0.2 X . i . 10.0
S. Parke, “Neutrino Oscillation Phenomenology” B (GEV)

in Neutrino Oscillations: Present Status and
Future Plans, Ed.]. Thomas, P. Vahle
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MINOS vV, = Vg

Phys. Rev. D 82, 051102(R) (2010)

e Selection of v -CC interactions and rejection of NC and v -CC interactions

+ 11 topological quantities and a 2000 Near Detector
neural network are used to S - ' | ANN11 > 0_1, ]
produce a discriminating variable ® - . —+— Total Data -
) - - . = 15001 —— NC .
Validated against data using: Ia - — v, CC ]
- VM—CC where the u is removed g?' B _+__. —¢— beam Ve CC .
= N R I _
: 1000 : MC NC
\
- v,-CC where the p is replaced % . A MCv CC i
with a simulated electron = —e— — MC bi'am v, CC 1
- test beam electrons "E 500'___'_.----F---. —e ]
o | S I N i
L L " : | e i
« NCyv,, VM-CC extrapolate to FD 0 2 4 6 8
differently and v, also oscillate Reconstructed Energy (GeV)

+ Three beam energy configurations, each with different background
compositions are used to measure/constrain the compositions.
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Events/GeV/7x10%° POT

MINOS vV, =V,

Phys. Rev. D 82, 051102(R) (2010)
Far Detector

Expected Background: 49.1 + 7.0(stat) = 2.7(syst)

——
- ANN 1
—=— MINOS FD Data -

=« Best Fit Signal 1
s NC 1 54 events observed

- w2 v, CC .
=== Beamv, CC
w2 v CC ]

&
el

£
S et
e
S L L
L
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L L

7]
]

- ]

%
otels
ateteti vl

‘*

L
L
*‘*
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S

&
55550
e
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Sttt s

e S e S R o oy
{} ................... o s g oo oo St oo
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Reconstructed Energy (GeV)
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2.0

1.5
G
a 1.0
3]
L2
0.5

U.OU

MINOS vV, — Vg

Phys. Rev. D 82, 051102(R) (2010)

_ 7x10%° POT
— 90% C.L.AMZ,50
e §0% C.L. AmZ,<0

Best Fit ﬁmgz-“u
-------- Best Fit ﬁmgz"‘u

-
-
-+
-

+ Regio

——— CHOOZ 90% limit
E ’ 2sin9,.=1 for CHOOZ
Allowed

0.1 0.2 0.3 0.4
Additional Details: 25ir|22{§)13_,«:-,in2{§)_?3
R. Toner - C9
S. Budd - C9
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T2K: v_-event!

Probability of observing 1 v -CC event observed
N v -CC events at SK nde IV in 3.23x10'° POT
0.7 o bbb ] :

osF | Blue: 5|n{25 } Qe
....... Red sm{ze ...... } = uu,..1 ............... ........ :

Probability

...................................................................................................

..\,...,, .........

T2K has accumulated 1.45x102° POT.
For that exposure, the expected
90% CL sensitivity is at sin°20_,=0.07

ola s oo Boa s ol 5 iea M5
o 500 1003 1500 2000

Times (ns)
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Projected sensitivity of T2K and NOvVA

90% CL 6,, Sensitivity

u I'Sylstelmla;iul: IErru:ur lemionl
| | — s SYS error
: — 1 2YS EMTOr
= ) SYS EITOT
/21 | Normal Hierarchy [ii
a N
o 0f
-2 [
[ A
[ \\
B N\ \
-t L \%» K
-3 -2 -1
10 10 10

sin’ 2 0., sensitivity

d ()

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

Alena Gavrilenko

95% CL Resolution of the Mass Ordering

| NOvA

- L=810 km, 15 kT

- Am,2=2.410"eV?
— sin“(20,,) =1

- Am® >0

| 3 years for each v and v
— NOvA at 700 kW,
- 1.2MW, and 2.3MW

T
|“"

95% CL Resolution
of Mass Ordering
in this Region

L
LR
-
llllll
"rm,

et "
-
-""I

P
sm

0.1 0.15

2 sin®(0,,) sin’(26, ,)

Additional Details

A. Gavrilenko - C9
M. Betancourt — R7
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Anti-v
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disappearance
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Anti-vM disappearance

« Studying oscillations with a neutrino beam is more
profitable than an anti-neutrino beam

 larger cross-section for neutrinos (x2.5)

« more nt* than © produced at the target (~ +10%)

CPT requires P(vll - VM) = P(;u - ;u) in vacuum

But, the earth isn't a vacuum, and new physics could
modify the oscillation probabilities

Neutrinos have surprised us before and may do so again.

MINOS has studied this in two ways:
« Using a ;u-optimized beam

- Using v inaV -optimized beam

Mike Kordosky, W™ &Mary
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Antl-v disappearance

— — — Usingav, -optimized beam

20 MINOS Near Detector . )
—s— Data (positive tracks) ] arXiv 1104.0333
—— Data (negative tracks) ]

15 B Simulation (positive tracks) _| 100

Simulation (negative tracks) A MINOS Preliminary

Simulated Near Detector
------------- NC Contamination

NC After Selection
............. v, Contamination

v, After Selection
Selection Efficiency

Co
o
T T

MINOS 2010

10 1.71x10%° PoT

& )]
o o
11 | | 1 1 1 | 1 1 | | L1 |

T,
Fel =,
- Ty

Events / Ton/ 1x 10" POT

N
o
|

e [ T T 1 | L | L | L | l

5 10 15 20 25
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

Selector Performance (%)

| | | | | |
0 ) 10 15 20

- Analysis is similar to v disappearance. Same reconstruction &
event selection, with reversed B-field.
e Most significant difference is larger wrong-sign component. But,
it's measured in magnetized ND.
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S 5
|IIII|IIII|IIII|

Events / ton / 1x10'® pot
M
=]

—
=]

Near Detector

8.65x 10'? PoT
Antineutrino Running

MINOS Preliminary
-*-Data

— MC Expectation

] ] ]
-1 -0.35

1 D L

I ] I I N
0.5 1

Track Charge Sign / Momentum (c/GeV)

80

———
| MINOS Preliminary
- -+ Data

60

— Oscillated MC
-~ No Oscillations

|
Far Detector

1.71x 10 POT .
Antineutrino Running |

Anti-v
L

disappearance
arXiv 1104.0333

Using a ;M-optimized beam

Reconstruction measures
charge/momentum for all tracks

Well modeled and checked in the ND by
moving vertex region, changing track
containment and quality requirements,
reversing the magnetic field.

At the far detector, accounting for
oscillations, the wrong sign impurity is
<3% in both the v and anti-v, beams
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1. 71 x 102 POT MINOS v, running, Far Detector
T

30_— I_I_ —- MINOS data .
i — No oscillations l
S i - AMP=2.32x10"%e V2, sin%(28)=1
() | — Best oscillation fit i
% 201 Nl []Background —
c | E |
g [ =il arXiv 1104.0333
T 10 _ 8
Oé; v y ; Lol r I‘.I_
0 5 10 20 30 40 50
Reco. Energy (GeV)
Best Fit Parameters (68% CL)
(stat) (sys)
~— +0.46 3 5
|Am?|=3.36 "5 +£0.06 x 103 eV
_ (stat) (sys)
sin? 26 = 0.86 £ 0.11 = 0.01

Mike Kordosky, W™ &Mary

Anti-v
98
disappearance
MINOS v, running
|IIII|IIII|IIII|IIII|IIII—

Q@ | —MINOS¥V, 90% — MINOS v, 90% _
%’) 6 MINOSv 68% ----MINOSv, 68%_
P~ . Best v, Flt — Super-K v, 90%"
o --- Super-K v, 68%
— i
S
-

€ 4
hl

© E
c

o
C\I_2_ 0 —

C 7| 1.71x10° POT V,-mode ...
<:] *Super-Kamiokande preliminary
i {Neutrlno 2(110) |

05 06 07 08 09 1
sin°(26) and sin(26)
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Anti-vLL Future

90% C.L. MC Sensitivity -

IAm?| and |AT°| (107 eV?)
O N |C|-TJ|||TI~|-.||||(‘|,-|I|||CT) ~J OO

- Improvement of == {7, 1@ por
- « e e . _ 0
- sensitivity with 38x 10 PoT
—_— 0
exposure — Sx 10, poT

v, Data90% C.L.

- Assuming ;M parameters
- |Am®] +=3.36x107 eV? sip®26=0.86 , |

5 06 07 08 09 1
sin°(20) and sin*(20)

MINOS has requested a total of 4.0x10%° POT of anti-neutrino optimized

beam — 3.0x102%° POT in hand
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Anti-vLL Future

v, Data 90% C.L.

- 90%C.L MC Sensitivity -
-~ Improvement of —— ;7 1™ por -
- . e . . S 0 ]
- sensitivity with — 353 8.50T -
— 0 .

exposure T sx10 POT

|

h

f_Assuming Vv parameters
| Am®| =2.36x107 eVE sip20=10 |

5 06 _ 07 08 09 1
sin°(20) and sin“(28)

IAM?| and |AR°| (107 eV?)

O N W b O OO N @©

MINOS has requested a total of 4.0x10%° POT of anti-neutrino optimized

beam — 3.0x102%° POT in hand
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New MINOS Anti-v disappearance

Result in the v. beam
- 10
v, are about 7% of the : HINOS e Dot
v -optimized beam 5 oo e e
. . 201 0 E_ vrgzckg?onuﬁd ;:::"lponent =
High energy, but still S
affected by oscillations ¢
£ 1}
may be sensitive to i g
exotic phenomena, : \\
. \

such as 107 20
_— o Reconstructed neutrlno energy (GeV)
Vu_) Vu transitions

Useful check on V, VSV, identification
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Selector Performance (%)

Events / GeV / 1x10" POT

—
o
o

80

60
40

20

%

'|"I'.:IJ_|_=| L

[
-‘If-'. B  ammmam v, Contamination
[ u ¥

Anti-vM selection

MINOS Preliminary

Simulated Near Detector

« Simple selection of events with a
positively charged track has large
backgrounds from NC and highly

T ""'---.-.'-..,..._._.-;__- "._::.\'-H.Aﬁer Seleftion . inelastic VH-CC

— Selection Efficiency
------- NC Contamination
— NC After Selection

« These backgrounds are suppressed by

5 10 15 20 25 using
Reconstructed v Energy (GeV)

o A multi-variable CC/NC discriminator
which uses the event topology

« The uncertainty on q/p reported by the

MINOS Preliminary track fitter

—e— Data
= MC expectation

S= Total Background « A direction of curvature variable called

“relative angle” which uses the track

Near Detector . .
topology, independent of the track fitter

529 % 107 PoT

Neutrino Running « The selection efficiency is 90% and

the purity of the v, sample is 95%

10 20
Reconstructedv, Energy (GeV)
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Events / 2 GeV

Anti-vu disappearance in the v, beam

| | | | | | | | | | | | | | | | | | |IIII|IIII|IIII|IIII|IIII|IIII Predictionfrom

30 —4— MINOS Far Detector Data  __ measuring
o . mmemmmam Prediction, No Oscillations /V in a
B Prediction, AT =3 36x107 eV& ; timized
B Uncertainty (oscillated) ] u optinize
= i B b
20l I : Backgrounds (oscillated) | canl
_ l Low Energy Beam, v -mode
- 7.4x10% POT -
i _ MINOS PRELIMINARY :
10 -

[} 1t ] e

0 S 10 15 20 30 40 580
Reconstructed v, Energy (GeV)
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Events / 2 GeV

Anti-vu disappearance in the v, beam

——agp— MINOS Far Detector Data

Prediction from

30k _ measuring
- mmsmamam Prediction, Mo Oscillations ‘/ V in a
B Prediction, :n.m =2 32x10 eV v optimized
B Uncertainty (oscillated) ] u P
- T beam
20_ : Backgrounds (oscillated) B
_ Low Energy Beam, v -mode -

10

7.1x10% PDT
~ MINOS PRELIMINARY

10 15 20 30 40 90
Reconstructed v, Energy (GeV)
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Events / 2 GeV

Anti-vu disappearance in the v, beam

30

20

10

= e —
[ : Backgrounds (oscillated)

—4$— MINOS Far Detector Data

--------- Prediction, Mo Oscillations

Best-Fit Prediction .

Uncertainty (oscillated)

Low Energy Beam, v -mode
71x10% POT .

_ MINOS PRELIMINARY

S 10 15 20 30 40 20
Reconstructed v, Energy (GeV)

Mike Kordosky, W™ &Mary

Best fit from
this analysis
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Anti-vLL disappearance in the vu beam

100: | | .

- 7.1x 10% POT, v,-mode .

rg 40F miNos F’rellmlnary Excluded :

[0 20l \\ by this |

S M measurement

~ 10F -

— F QA :

= - 90% C.L. - :

<1 | —— V,, Neutrino Beam s SN

a 4 i vﬁ Antineutrino Beam ——iacluded ® 7T

O v, Neutrino Beam Pl ————

_— 2+ n ; -

NE — Super-K v, * e

b 4 * V.BestFitNeutrino Beam o

— R N Best Fit Antineutrino Beam ]

B * Super-Kamiokande preliminary _

0 4 L | (Neutrino 2010) | | —

"0 0.2 04 0.6 0.8 1

Additional Details: sin“(20) or sin“(26)
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Conclusions

« Neutrinos are the most poorly understood of the known SM particles.
They've surprised us in the past and may do so in the future.

« Accelerator based oscillation experiments address important questions:
« What is the value of 0,,? Is there CP violation (8 # 0,m)?

« Which mass hierarchy? e.g., m, > m, or mg.<.m.?

Maximal mixing: sin®26,,=1 ? Symmetry principal?

Is the PMNS matrix really unitary? Are oscillations the right idea?
How do we explain MiniBooNE & LSND?

Do neutrinos experience non-standard interactions?

o International program with experiments that are

e running, (MINOS,OPERA,T2K, MiniBooNE)
« being built (NOVA, MicroBoone)
« and in the design stage (LBNE, T2KK, INO, LAGUNA, v-factory, etc.)

o I think we are in for an exciting future.
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5(Am?) / (10°eV?)

Systematics for 2010 CC

Far Detector MC

0.10[— -
B Fiducial+RAF events |
B 7.2x 10%° POT =
0.05— _
B | ——— Overall hadronic energy
- _| = Track energy
| -| — Relative normalisation
000 - -_ . — —— NC background
B 7 Cross sections
B | — Relative hadronic energy
| _| = Beam
-0.05— ] Charge mis-ID
R | —— Rock & Anti-Fiducial
_0. 1 O S E S SR S
-0.02 -0.01 0 0.01 0.02

5(sin?(20))
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Events / GeV

Resolution Bins 2010 CC

Far Detector Data

1 1 r-~fT -1 rr—-r-rr-r1rr--rrorrrrrrrrrr
- Negative Curvature t Negative Curvature t Negative Curvature |
60 Resolution Bin0 + [ ResolutionBin1 —+ Resolution Bin 2 A

20} 1 -
AR | | ¥
4 i
::::;::::;::::;::-+rﬁ:::;::::;::::|::*::::I ; ,
- Negative Curvature t Negative Curvature t
60 [ ResolutionBin3 + [ 7] Resolution Bin4 Positive Curvature -

..15...

Reconstructed Neutrino Energy (GeV)

Mike Kordosky, W™ &Mary

| — Prediction

1 —— Best Fit

7

NC Background
7 g

| —— Data
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Oyotal | RECONStructed Energy

Resolution Binning 2010 CC

05 :Far D :55 ; e R L AT ]
0.4:— 102..2
- D
0.3F 3
- o
02F 10 2
010 i}
- _ 1
Y2 4 & 8

Reconstructed Energy (GeV)
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Analysis Improvements 2010 CC

] ] I I | 1 I 1 1
MINOS 7.2x10%° POT sensitivity -
90% confidence level ]

® Input parameters

eV?)
N N
Illlllll?llll\llllll
//

|IIII|'II|III

2008-like analysis

+ New shower energy estimator

+ Resolution binning

n u
W
I‘Ill‘lll‘ll

+ Rock and antifiducial events
. |

09 095 1
sin%20
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T2K Vv, selection

T2K-SK

events

Fully Contained

Fiducial Volume, 53
E,.. > 30MeV

Slngle-rlng e-like
(PglOOMeV/c)

No
oscillation

36.8

1.5+0.7

54.5

MC

Oscillation
Am? =2.4 x 103 (eV?) .

s5in?28,,=1.0
8,0 °

24.6

7V

16.7

no decay electron
m < 105 MeV assuming second
ring exist
» reconstructed Ev < 1250 MeV

Additional background rejection:

65.9% efficiency for signal

1.3 +0.6

T2K preliminary

One candidate v event remains!

Mumber of Events

35 4 45

# of decay electron

Number of Events

|—.—;|;|

lnvarlant mass-w G0, =013

§[‘[!IJ‘[ILILLL;JI1;.LII.j]].ljl.l.lj]]l

250
Reconst. inv. mass [MeV]

200

MNumber of Events

S00 1000

it Reconstructed

M
| S v, G2, =00
| B Beam v,

Iz v

g - licam T,

energy

4000
Reconst. v energy [MeV]

1500 2000 2300 3000 3500
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2 sin’(8,5) sin’(20,,)
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Mass Hierarchy from NOvA

sin%(20,,) vs. P(¥,) for P(v,) = 0.02

- L =810 km, 12 km off-gx

- AmL2=2.4 107 eV?
3

- sin"(20,,) = 1

S

EOe O
Qo OO0 o QO
nmnun

__ g'ﬁi %c

0.04

Measured P(\_/ e)

Mike Kordosky, W™ &Mary

e
o
@

P(Ve)

e ASsume you measure
P(v_)=0.02

e« That measurement could
arise from any of the places
along the ellipses

 Then measure P(v_), which
picks out a vertical slice.

e You determine the mass

hierarchy for slices which
intersect only one color.

68



Fractional Error

o
—
L | I

Systematic Errors - Gu RHC

0.2

0.1

Total Systematic Error

5 10 20 SD 4D 50
Reconstructed v Energy (GeV)
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Systematic Errors - GH RHC

MINOS v, running

1.71 x10%°° POT

342
3.40 —
> 3381
P -
= 336/
B 334l
h
3.32—
3.30—
0.845

0.85

| 1 | | | | | | | | | | | 1 | |
0.855 086 0865 0.

sin’(20)

87

L
0.875
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NC Background

WS CC Background

Track energy

Relative normalisation
Relative hadronic energy FD
Relative hadronic energy ND
Overall hadronic energy
Beam

Cross sections
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Beam Matrix: RHC Cu

— — N
IOI | | Ilc.nl I | I'D

8]

. M'onte Carlo

Far Detector v, Energy (GeV)

OOI B 5| B |1|0| B |1|5| B I20
Near Detector v, Energy (GeV)

Mike Kordosky, W™ &Mary

/1



Far to Near Histograms

Near Events/Gev

Monte Carlo _

Near Detector -

5 10 1
True Energy (GeV)

5 20 25 30

Far Events/GeV

Monte Carlo

Far Detector

5 10 15
True Energy (GeV)
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Best fit v, and v, oscillation
parameters differ modestly

A 2 parameter joint fit to v,
and anti-v, yields

| Am?| =2.42 eV*
sin‘20=0.96

with acceptable chi-square,

but not as good as the 4
parameter fit.

You can then ask, for the

above parameters, how often
do you expect a 4 parameter

fit at least that much better
than the 2 parameter fit?

The answer is 2.0%

Mike Kordosky, vv— civiury

|Am2| and |ATA’| (10‘3 eV?)

> o2

M 1

Agreement of
v, and v,

parameters
MINOS v, running

MINOSv 68% ---.
t Bestv F|t

MINOS v, 68%

| 1.71x 10%° POT ¥,-mode

*Super-Kamiokande preliminary
{Neutnno |2[l10)

- ar
-----

| — MINOS Y, 90% — MINOS v, 90% |

— Super-K v, 90%*
--- Super-K v, 68%°

05 06 0.7 0.8 0.9
sin°(26) and sin“(286)
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v, Events / 10" POT

v, Events / 10" POT

—

o N A O 0 o

C I
- MINOS Preliminary
—— MINOS Mear Detector Data

= Tuned MC
— [otal Background

Lew Energy Beam, v -mode

B |

T 05 0 05 1 15
CC/NC Separation Parameter

T MINOS Preliminary T

| —— MINOS Near Detector Data
- == Tuned MC rejected -
- = Total Background o — -

| Low Energy Beam, v, -mode

0 7 > 3

|Relative Angle - x|

VH-FHC
Selection

8" " T T T T T " TMINOS Preliminary

T\ ned MC
— Total Background

Low Energy Beam, v,-mode

v, Events / 10" POT

10 20 30

Track charge sign significance
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Events / GeV / 10" POT / ton

(h)

rD

—

Systematics: Vu

0 5

I I I I |IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII—

MINOS Near Detector

+ Data |

= Total Monte Carlo |
Total Uncertainty —

= == Upstream n

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
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Reconstructed v, Energy (GeV)
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-FHC

« Decay pipe 14% of ND, 6%
of FD v -CC

« uncertainty from scaling ND
MC to data: +6.1%,-3.8% in
FD

e 4% relative normalization
« 4% muon energy scale

« 50% on background from NC
and v -CC
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Systematics: GM-FHC
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MINOS Sterile Neutrinos

« NC interactions measure the combined V,,V,,V, rate and are
sensitive to mixing with a hypothetical sterile neutrino

e sterile neutrinos, or some other non-SM process needed to
explain MiniBooNE/LSND

-
o

60 - arXiv 1104:3922 E

- Near Detector Data _

50 — ]

) | ) ) —]
() - N
S 40 . Monte Carlo Prediction -
"”EJ+ - v, CC Background -
@ 30 —
w ]
© 20 =

%\R\Z\\ N\\\Mwm TR

10 12 14 16 18 20
Ereco (GEV)
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MINOS Sterile Neutrinos

140 - +7.O7x102°P0T arXiv 1104:3922

—4— Far Detector Data
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9 80 2
8 UF v, CC Background N
E B —
I%’ 60 — Am3,| = 2.32x107 eV? —

- L B .
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MINOS Sterile

m4~m1 model 60:  90% CIL_:
v, 2V, oscillations I
occur with R -
atmospheric L/E > 50 ~
S ¥
Result Q& a0f —0,=0
D o
f <0.22 (0.40) @ 90% CL I —913=11_-5 ]
° - Best fits:
i * 0,,=0 ]
\ \ 20 x 0,,=115° -
— No - o) I ! | | ! | ! A ! | . N
913—0 (913_11'5 ) 20 40 60
0,, (deg)
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MINOS Sterile Neutrinos

m4>>m3 model
v, 2V, oscillations

0,, (deg)

with high mass scale
|Am?, | ~ 1 eV?

Result N
f <0.22 (0.40) @ 90% CL_,|
\ \ S o
L=0° (0,=11.59 |
""10"';32:;('&;5)""40""

Mike Kordosky, W™ &Mary

35

*

*

IIIIllIIIlJIl

40 45 50

9 (deg)

55

| 90%CL,0, =

> U137

> 713

Best fit, 913—0

| — 90% CL,9,,=11.5°

Best fit, 0, =11.5°

> 713
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Non-Standard Interactions

CPT symmetry requires P(vLL - vu) = P(vLL —>Vu) in vacuum
Non-standard interactions (e.g., due to some new force) modify
the Vo,V Hamiltonian and create matter effects analogous to

MSW effect seen in electron neutrinos

1 ¥ L — —— ]
3 || e ]
0.8 ! -~ —
.“3'-‘ l. _
I ', e i
T 06 v £=0.25 ]
o — v e=0.25 .
=B (] | Y A — e= i
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2 i
@ 1-sim2esin? 1.27AM L. o v ) -
02 B " E — E_u.r =] |
N | | I R |

C 2 4 ) 8 10

Neutrino Energy (GeV)
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MINOS Sensitivity

N
m O

M
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AT = |Am?| (107 eV?)
D
Y
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o

MINOS Preliminary
—— b68% MC Gaussian Sensitivily

—— 90% MC Gaussian Sensitivily

Current dataset

7.1% 10°° POT v-mode
1.7 = 10°° POT v-mode

sin“e = sin“8=1.0
| I | ] | | I | | | | I | | |
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Cad
-

MINOS Sensitivity
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MINOS Preliminary
—— b8% MC Gaussian Sensitivity

—— 90% MC Gaussian Sensitivity

N —

7.1% 10°° POT v-mode
3.4 % 10°° POT v-mode
sin“e = sin“e=1.0

With additional data
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v, spectra depends

Monitoring on (p_p.) of m,K

focused (p_,p,)

depends on
. |target pos &
| horn current

TC’ K —V + l"’ Muon Alcove 1 Muon Alcove 27 Muon Alcove 3

Hadron Monitor

i _

Secondary Beam F
L

i 11
Decay Pipd,_ -

Hadron Absorber /: :

Mucn Beam

L, K et S _
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eV 7>8.6 GeV

| II:I1I III: -Alcove1 l |II 3
N L A, S Y , ' o F
. y : 1
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